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VIABLE LEGIONELLA PNEUMOPHILA
NOT DETECTABLE BY CULTURE ON AGAR MEDIA
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—¢ Detection and monitoring of genetically
engineered microorganisms released to
the environment, as well as pathogens, are
primary factors in risk assessment. Cul-
ture methods have been proposed for both
detection and monitoring. However,
microorganisms in natural systems may
not always be culturable. We surveyed
environmental samples collected from
sources implicated in an epidemic of Le-
gionnaires’ disease and, although no cul-
tures were recovered from environmental
samples, numerous cells were observed by
fluorescent microscopy when anti-L. pneu-
mophila group 1 antibody was used. Simi-
lar observations have often been made by
others. To study this loss of culturability,
L. pneumophila strains were maintained in
a microcosm (vessels containing sterilized
environmental water) and assayed at inter-
vals for growth on appropriate media, and
lethality for chick embryos. At 4°C, tke
decimal rate of decline of colony forming
cells was approximately 29 days; at 37°C it
was 13 days. When microcosm water sam-
ples were injected into embryonated eggs,
far greater chick embryo mortality was
observed than could be accounted for by
the number of culturable cells in the injec-
tions. Thus, previously non-culturable Le-
gionella had multiplied once again and
become culturable. These results indicate
that samples that do not contain culturable
cells, may contain cells that are viable, as
demonstrated by their pathogenicity for
chick embryos. The fluorescent antibody
assay may provide a valuable indication of
the presence of such viable but non-cul-
turable cells, . ~ ... -vor oo
'+_,.u/\_u"t’-/‘,l [ pame.

enctically engineered microorganisms are be-

g considered tor a variety of environment

applications. However,niskhs associated with the

introduction of such microorganisms into the
environment have been hypothesized, primarily extrapo-

lated from cases where the release of non-genetically
engineered organisms has resulted in adverse effects.
Thus, detection and monitoring of genetically engineered
microorganisms released to the environment becomes a
prime consideration in risk assessment. The ability to
culture bacteria has been the practical basis for determin-
ing their viability, and essential to assessing their presence
since the time of Pasteur. Culturability, then, has been the
method of choice for detection of microorganisms in the
environment. In this sense, Legionella pneumophila, the
agent of Legionnaires’ pneumonia and related illnesses,
poses a microbiological dilemma for environmental moni-
toring' and provides a usefu! paradigm for detection and
monitoring of geneticallv engineered microorganisms in
the environment. There is no indicator organism to
suggest the presence of L. pneumophila, which necessitates
the direct detection of L. preumophila itself. Unfortunate-
lv, cultural recovery of L. prneumophila trom environmental
samples is hampered by the presence of faster growing
bacieria, and guinea pig methods for the selective isola-
tion of L. preumophila require 10® cells*-". Legionella have
been shown to vary in antigenic composition, virulence
and tolerance to chemical agents, such as chlorine. These
ditferences have been correlated with the presence of
plasmids*?, environmental source''!, and passage bhis-
torv'=. Epidemiologic tvping must. therefore. employ sera
or monoclonal antibodies.

A direct Huorescent anubody method ' was modified in
our laboratory to provide ruantitative estimates of L.
prewnmophtla (sevogroup 1) in environmental samples.
Some of the samples were collected from the Stafford
District General Hospital, shouvtdy alter an outbreak of
Legionnaires” pneumonia. Although no cultures were
recovered from the environmental water samples after
the Stattord epidemic, numerous L. prewmophila of the
epidemic type were identified. We hypothesized that these
bacteria may have been viable but non-culturable, as
hvpothesized tor Vibrio cholerae and related organisms by
Colwell etal.t! Experiments were conducted in laboratory
madels (microcosms) to test this hypothesis tor L. prewmo-
phila.

RESULTS :

Figure 1 ilustrates the growth and survival of Philadel-
phia 2 in astertlized ap water microcosim held at 37°C. as
meastired by colony count (CFU), acridine orunge direct
count (AODCY and divect Huorescent antibods (DFA)
count. A briel period ot growth, evident by all measure-
ments, was folloned by decining counts. The colony
counts began to dechine by the tenth dav and AODC
counts declined after the twentieth dav. DFA counts
remained near their peak level following the growth
period: 3x 100 ml (dav ) o 1x W04l dav 37). Decimal
reduction time (D) tor the CFUs was estimated 1o be
approxunatelv 13 davs,

Figure 2 illustrates the CFUS of strinn 62210 (a clinical
isolate trom the Stattord epidemic) held at 4°C and 37°C.

The reuression lines drawn tor both tt*lxlp(m\d:'cgi::;b
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and 29 davs at 4°C. The
last culturable colonies from the microcosm maintained at

cate D values of 13 davs at 37°C.

4°C were obtained from the 7th day sample (2.7
CFU/ml). The last culturable colonies from the microcosm
maintained at 37°C were obtained from the 10th dav
sample (1.2/ml). DFA counting of a 37°C sample indicated
7000/ml on day 32, at a time when the CFU count was
25/ml.

The decline in culturable populations of Legionella in
microcosms appeared to be temperature dependent.
However, DFA counts showed much less or no decline
(Figs. 1 and 2). Additionally, the AODC of L. pneumophila
strain Philadelphia 2 in wap water (Fig. 1) indicated that
many cells retained properties of viability long afier they
were no longer detected by agar culture.

To further investigate the viability of nonculturable
cells. guinea pigs were inoculated intraperitoneally with
freshly agar-grown L. pneumophila strain 62210. The LDs,,

calculated by the Reed-Muench method, was 1.6x10°
CFU, indicating that the method was not sufhiciently
sensitive for the detection of subtle changes in viability of
cells in the microcosms. For this reason, the more sensitive
embryonared egg volk sac inoculation was used to deter-
mine the LDs; (YSLDs) before and after microcosm
treatment. The YSLDs, of strain 62210 and Philadelphia
1 washed from fresh agar growth, was, i, cach use 10
CFU, a much greater sensitivity than the guinea pig
procedure.

Figure 3 illustrates the YSLDsg of strain 62210 before
microcosm treatment, following brief microcosm treat-
ment at 4°C and following extended incubation at 4 and
37°C. Brief incubation (2 weeks) in a 4°C microcosm
resulted in no change in the YSLDs to CFU rauo, 1e.
YSLDse=10 CFU (Log=1.0). Following microcosm treat-
ment, the YSLDs, for 4°C microcosm cells was 0.5 CFU
{Log=-0.3), and the YSLDs for 37°C microcosm cells
was 0.25 CFU (Log=-0.6). Thus. the YSLDjso values were
reduced 20- 10 10-fold from the values for fresh cultures
of strains 62210 (Fig. 3) or Philadelphia 1 (data not
shown) washed from agar, or for Legivnellu suspcnded for
onlv 2 weeks in 4°C rap water.

Yolk sac tissue from lethallv infected chick embryos was
examined microscopicallv and revealed many bacteria
that stained intenselv with acridine orange, even from
eggs inoculared with less than 1 CFU (Fig. 4). In addition,
agar culture of volk sac tissue from these embrvos permit-
ted dense growth of L. pneumophila. These results showed
lethal infections were regularly occurring from inocula
comtaining less than one culturable bacterium. Thus,
previously non-culturable bacteria had become culturable
following infection of chick embrvos.

Culture 62210 was examined by indirect fluorescent
antibody for its monoclonal antibody binding pattern's'?
(Table 1). Patterns for additional isolates from other
Stafford sources were also determined, as were patterns
for bacteria in environmental water samples (which were
suspected as the source of the epidemic, but did not vield
culturable Legionella). Antigens detected on bacteria in the
environmental samples revealed a monoclonal antibody
type similar to strain 62210, but additional antigens were
detected as well (Table 1). From a 37°C microcosm incu-
bated for 40 davs, cells of strain 62210 did not change in
antigen presentation from the original culture of 62210
(Table 1). Thus, incubation in tap water did not induce
antigenic changes, and this treatment does nat explain the
variety of antigens on the cells collected in the Stafford
condensate water.

DISCUSSION

The loss of the culturahlc pupulaiion ol L. pueumapihila

m the nucrocosms appeared to be temperature depen-
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FIGURE 1 Growth and survival of L. pneumophila strain Philadel-
phia 2 at 37°C in sterilized tap water. Colony forming units on
pbCYEa agar (squares); Acridine orange direct count (cross-
es); Direct Huorescent count (diamonds).
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FIGURE 2 L. pncumophila strain Stafford 62210 in tap water
microcosms held at 4°C and at 37°C (duplicate). Colony count
of cells from 4°C (squares), and 37°C (crosses and dizmonds).
Direct immunofluoiescent count of L. prneumophila in the 37°C
microcosm (triangle).
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FIGURE 3 Yolk sac lethal dose titration for Legronella strain
Staftord 62210, The percentages of embrvo deaths were
calculated by Reed-Muench method. Log of the CFU injecied
into volk sacs is shown on the x-axis. Bacteria washed from
fresh agar culture (rriangles), maintained for two weeks S tap
water at 4°C (squares): o untained 40 davs in 37°C tap water
(crosses): maintained 72 dayvs i 4°C tap water (diamonds).

dent. DFA counts of the Philadelphia 2 and one of the
37°C strain 62210 microcosms indicated no decline be-
vond the error inherent in these counts. We conclude the
DFA remained fairky stable while the CFU dedined. and
the AODC of Philadelphia 2 in tap water suggested that
these cells remained viable.

We had tried to use the direct viable count (DVC) with
veast extract enrichment and nalidixic acid treatment to
prevent cell division'™  Unfortunaely, the Legionella
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strains tested were found to Ivse under these test condi-
thens. Without some form of DVC, we were unable 1o
further refine our estimate of the proportion of viable but
non-culturable cells in the microcosm samples.

No change in antigen presentation was detected by IFA
with monoclonal antibodies, following microcosm treat-
ment. This was not surprising since strain 62210 did not
exhibit growth in the microcosm (as did Philadelphia 2),
and would not be expected to synthesize new surface
antigens.

Results from inoculations of embryvonated eggs with the
microcosm samples showed that viable L. pneumophila
were culturally recoverable from yolk sac tissue of lethally
infected embryos inoculated with less than one culturable
bacterium, which is one tenth the infectious dose of
culturable bacteria derived from agar. For the sake of
estimation, it can be calculated that I to 0.5% of the DFA
positive bacteria in the 37°C microcosm were viable, if the
YSLDs, (per cell, not CFU) for strain 62210 remained the
same after microcosm treatment as it was in the controf
tests, 10 cells. It seems probable, however, that the viru-
lence of these non-culturable bacteriu was reduced® -1,
and the number of bactena required to kill 50% of the
chick embryos was somewhat greater. ;

McDade and Shepard” described virulence conversion
of L. pneumophila cultured under different conditions, and
showed that the most selective method of recovery was
guinea pig inoculation. Their data also showed poor
recovery of Legionella on enriched Mueller-Hinton (MH-
IH) agar and slightly better recovery on Feelev-Gorman
(FG) agar. Since these methods were not sensitive, even
for infected tissue, these agar media were not emploved
for environmemal recovery.

When Feelev et al." employved charcoal yeast extract
(CYE) agar. excellent sensitivity was observed for all but
one test situation where agars were inoculated with infect-
ed ussues. In that case, although recoveryv was accom-
plished. numerical recovery on agar was only 1% the
count predicted by DFA. In that study. thev proposed a
different phvsiologic state to explain the discrepancy in
counts, as well as the possibility that the DFA counts arose
from cells killed during the tissue grinding and harvesting
procedure.

Our data show similar recoveries from a model environ-

ment as was previously observed in tssues by Feelev et
al.'™, but we have been able 1o show that the cells not
recovered actually vemained viable. Thus we demonstrate
the modified physiology of non-culturable L. pnewmophila
in tap water is a viable but non-culturable state. Bacteria in
this state. may account for a large proportion of environ-
mental bacteria, and could well account for the ofien
observed failure to culture Legionella from suspect sam-
ples?". Obviously other factors. such as large numbers of
background Hora, also take their toll in recovery.
Although bacterial “die-off” in the environment has
been reported often when cultural assavs are used. recent
reports have suggested that direct microscopic counting
may offer more valuable estimates when the bacteria to be
counted may persist in a dormant phase awaiting suitable
conditions for outgrowth!'. The implications of the “via-
ble but non-culturable state™ in V. cholerae for release of
genetically engineered organisms to the environment
have been presented by Colwell et al.’* The embrvonated
egg studies reported here show that L. pneumophila is vet
another bacterial species (Vibrio cholerae, Escherichia coll,
Salmonella and Shigella sp. and Campylobacter jejuni)?'-=*
which may persist as viable, but non-culturable by direct

FIGURE 4 Metaboiically active bacteria are observed by Auores-
cent microscopy of acridine orange stained volk sac tissue
harvested from a hen egg embryo which had been inoculated
with 0.6 CFU of L. pneumophila strain 62210 trom a 37°C
microcosm incubated 40 davs.

TABLE ¥ [inmunofluorescent assay with monocdlonal antibodies to L. preumaplila.

Monoclonal antibodies*

Sample? w29 P4C3 P9C3 P13-15 w36 w32 JR5 4032 w39 1A 1B 2A
Cultures
Phila. 1 - - + - +/~ - ++ - - ++ + -
62210 - - + +/- ++ - - - - + - -
62211 - - + +/- + - - - - ++ - -
62212 - - ++ +/- + - - - - ++ - -
62213 - - + + + - - - - ++ - -
Togus - - - - - - - - - - - +
Stafford drip tray condensate
43036 + + ++ +/- + - ++ + - + ++
43037 + + ++ +/= + - ++ + - + ++ -
43038 + + ++ +/= + - '+ + - + ++ -
43039 + + + +/= +/- - ++ + - + ++ -
43040 + ++ + +/~ + - + + - + ++ -
43041 + + + +/= + - ++ + - + + 4+ -
Tap water microcosm
cells - - ++ +/- ++ - - - - + - -

"Monoclonal antibodies against serogroup 1 strains of L. pneumopnila were obtaied from Watkins and 1 obin's, except antbodie

S

YA and 1B (anti-serogroup 1, Philadelphia 2 strain) and 2A (anti-serogroup 2, Togus strain) which were prepared i our

laboratories.

‘L. pneumophula strains Philadelphia 1 and Togus served as controls. Environmental samples of condensate waste drainage from
dnip-collection travs were a potential source of the epidemic agent. Bacte #a in the tap water microcosm at 37°C were concentrated

by cemtrifugation and 1FA stained.
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culture methods. With newlv described DF A reagents now
availuble for L. pnewmophila. talse-positive reports due to
cross-reactive bacterta will be greatly reduced®*. In the
future, greater confidence should be placed in DFA
results, even in the absence of cultural confirmation.
Reliable and accurate detection methods, other than cul-
tural, are needed for genetically engineered organisms
released to the environment. Until a suitable assay using
gene probes and related molecular genetic methods for
detection and monitoring are available, the immune fluo-
rescent-epifluorescent detection method appears to be the
most effective.

EXPERIMENTAL PROTOCOL

Legionella culture. L. pneumophila Philadelphia 1 was received
frozen in a suspension ot guinea pig spleen tissue prepared at the
Centers for Disease control. The culture was grown on phosphate
buffered charcoal veast extract agar with alpha-ketoglutarate*!
(pbCYEa) for a single passage. suspended in 20 mM potassium

hosphate®, pH 6.9 buffer with 20% glvcerol, and frozen in
Equid nitrogen vapor. Philadelphia 2 is described elsewhere®?,
and was received frozen in phosphate buffer. Isolates from
Swatford (62210, 62211, 62212 and 62213) were received lvophi-
lized. grown through two passages on pbCYEa and frozen in
liquid nitrogen. CFU counts were done on pbCY Ea by spreading
0.1 or 0.2 mi of diluted sample over the surface of pbCYEa agar
plates. Plate count agar (Difco Laboratories) enriched with veast
extract to 1% final content plus ferric pyrophosphate enrichment
(PCAYE) was also inoculated to detect contamination. Cultures
were incubated in 2 37°C humidihed incubator with 2 1o 3% CO»
for 24 10 48 hours for seed cultures. and up o 7 davs for CFU
counts. L. preumophila in volk sac tissue were cultured by smear-
ing washed tissue over pbCYEa. PCAYE and thioglh collate broth
were also inoculated for controls.

Microscopic counts. DFA reagents were provided by the
Center for Discase Control and samples were stained according
1o their instructions*™. Samples for AODC were filtered onto
Nuclepore 0.22 pm membranes and stained as described else-
where'>. The Kogure moditication’™ (DVC) of the AODC was
attempted on 8 control strains Legiorella in the laboratory.
Epifuorescent microscopy was performed with a Nikon 100 watt
mercury lumination svstem. hltered by blue excitation and "R”
pretilter for luorescein,

Laboratory microcosms. Tap water was autoclaved in acid-
washed fasks as previously described 21 Lo pnewnophida from
frozen stocks, were cultured on agar until the earliest evidence ot
growth was easilv visible. Cells were washed from the agar in 20
mM potassium phosphate, pH 6.9 and resuspended to an optical
density of .1 at 420 nm. The suspension was diluted 1710 and
volume was added per 1000 volumes of microcosm. Microcosms
were incubated with a slow stirring device to mamtain unitoranty.

Lethal dose titreations. Six dav old embrvonated eges were
inoculated with 0.5 mt ot microcosm samples or their dilutons in
phosphate buffer. Eggs were candled at three davs tor non-
specihe death and daily thereatter tor 14 davs. Dead embryos
were retrigerated until the 14th dav when the volk sac tissues
were harvested?. Yolk sacs were examined by AODC and cul-
tured to conhrm death by Legronella infection. Only conhrmed
mfections were counted for calewdation of YSLEDg, by the Reed-
Mucnch method. Guinea pigs were injecied intraperitoneally
with washed suspensions ot strain 62210 at decimal dilutions.,
Animals were chedked daily for evidence of infection or death®.
Autopsies were pertormed to conhirm by culture that deaths were
due to L prewmophila.
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